INTRODUCTION
Tidal fronts are hydrographic features that occur at small spatial scales, and their characteristics are largely determined by the diurnal and fortnightly periodicity of tidal movement, the magnitude of fresh water supply, and the configuration of the estuary (Bowman & Iverson 1978) . Hydrographic fronts may be defined as regions where steep horizontal gradients in temperature, salinity, density or velocity occur (Huzzey 1982) . These features may act as convergence zones in which organisms accumulate (Franks 1992) , and have been used preferentially by several marine predators. For example, foraging seabirds have been associated with tidal fronts (Hunt & Schneider 1987 , Decker & Hunt 1996 , Hunt et al. 1998 , as well as basking sharks Cetorinus maximus (Sims & Quayle 1998) , while several species of tuna (e.g. Thunnus alalunga) have been found foraging at oceanic fronts (Fiedler & Bernard 1987) .
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Cetacean spatial and temporal distributions have also been related to oceanographic fronts (Kenney & Winn 1986 , Viale & Frontier 1994 . Sighting rates of sperm whales Physeter macrocephalus, increased in the vicinity of a thermal front off Georges Bank, USA, possibly because the front provided suitable habitat for their squid prey (Griffin 1999) . In the Gulf of Mexico, Baumgartner (1997) showed that Risso's dolphin Grampus griseus were sighted more frequently along the steep sections of the upper continental slope, and discussed that this was probably due to an accumulation of prey caused by the generation of fronts in the area. Dustan & Pinckney (1989) also provided anecdotal descriptions of bottlenose dolphins Tursiops truncatus being sighted frequently in the vicinity of an estuarine front in Charleston Harbour, USA.
In the inner Moray Firth, NE Scotland, bottlenose dolphins are frequently seen in the Kessock Channel (Fig. 1) , particularly during the summer months (Wilson et al. 1997) . Anecdotal observations have suggested that dolphins are predominantly sighted during the flood tide. A repeated feature of the flood tide is a distinctive front, which forms in the channel where the tidal flow encounters the brackish water of the Beauly Firth (Fig. 1) . A V-shaped line of increased turbulence, foam and occasional floating debris usually mark the position of the surface expression of this tidal front (Fig. 2) , and this remains visible for part of the flood tide. The front is repeatedly seen propagating into the channel, reaching a stationary position, and then dissipating towards high water (HW). Anedoctal observations have suggested that dolphins at Kessock are associated with the frontal region, but this hypothesis has not previously been tested.
This study investigated the spatio-temporal distribution of bottlenose dolphins in this narrow estuarine channel in relation to the tidal cycle and to the front that occurs over the flood tide. The following hypotheses were examined: (1) the number of dolphins present at Kessock is higher during the flood tide; (2) a tidal intrusion front forms during the flood tide in the Kessock Channel; (3) dolphins distribute themselves preferentially in the frontal region.
STUDY AREA
The study was conducted in the Kessock Channel, Moray Firth, Northeast Scotland (57°50' N, 04°23' W, Fig. 1 ). The Kessock Channel is the narrow area where the Beauly and the Inverness Firths merge into a hydrographic system 24 km in length (Hunter & Rendall 1986 ). The channel is approximately 2 km long and 0.5 km wide, covering an area of approximately 0.90 km 2 . It has rapid changes in bottom relief, a sill and a deeper basin with a maximum water depth of 38 m. Tides in the inner Moray Firth are semi-diurnal and the Inverness and Beauly Firths have typical tidal ranges of 1.9 m at neap tides and 4.1 m at spring tides (Mendes 2000) . This channel exhibits strong tidal currents with peak flows aligned along its central axis and . There are 2 freshwater sources in the Beauly Firth, 1 at the head (the river Beauly) and 1 at the mouth (the river Ness, Fig. 1 ), in the Kessock Channel.
MATERIALS AND METHODS
Influence of tidal cycle on abundance of dolphins in the Kessock Channel. The relationship between the tidal cycle and changes in the abundance of dolphins in the Kessock Channel was investigated between July and September 1994. Observations were made by one person on 51 d from a site on the north shore of the channel (57°30' N, 04°14' W), 31 m above chart datum. Data were collected over 6 h sampling periods, alternating between morning (08:30 to 14:30 h) and afternoon (13:30 to 19:30 h) periods to provide an even spread throughout the day and over all stages of the tidal cycle.
During each 6 h observation period, the study area was scanned for 10 min h -1 , and observations of surfacing dolphins within that period were used to produce a single estimate of the number of dolphins present in that hour. The effect of the tidal cycle on the number of dolphins present was assessed using a Kruskal-Wallis test because the data were not normally distributed.
Characterisation of the tidal front. Between May and August 2000, regular land-based observations were made by one person to characterise spatial and temporal variations in the surface features of the tidal front. Data were collected for 27 d, from the same landbased site used in 1994, using a surveyor's theodolite (Leica T460). Observations were made throughout the flood tide, from approximately 1.5 h after low water until high water, when the weather conditions allowed. Each day, the time at which the tidal front was first detected in the study area was recorded and thereafter positions of the pronounced foam and turbulence lines were recorded every 20 min. The number of positions recorded was related to the number of points thought to be sufficient to reproduce the front during the analyses. The time that the front's pronounced V-shaped pattern dissipated was also recorded.
The theodolite was calibrated by manoeuvring an inflatable boat within the study area, and acquiring 30 geographic positions with a Differential Global Positioning System (DGPS) unit (Garmin GPS 12 XL Personal Navigator and MBX3 Differential Beacon Receiver), at the same time as recording corresponding positions with the theodolite. The median theodolite error calculated by the calibration was 16.70 m (Inter Quartile Range [IQR] 9.95-18.36), well within the limits reported for a 30 m high theodolite station .
The 3D hydrographic structure of the front was studied on the 9 June 2000 using a CTD (conductivity temperature density; Model STD-12, Applied Microsystems) deployed from an inflatable boat. A DGPS unit was used to position the boat at the chosen stations.
A total of 24 CTD casts were made in a pre-set survey pattern consisting of 2 endpoints (western and (Fig. 1) . Time, geographic position, water depth and observations of the surface visual features were also recorded. To study the spatio-temporal hydrographic characteristics of the tidal front, vertical contour plots of temperature, salinity and density (sigma-t) were examined.
Associations between dolphins and surface features of the tidal front. In 2000, during the land-based studies of the front's characteristics, data were also collected on the position of groups of dolphins sighted. The study area was scanned for the presence of dolphins for a 5 min period every 20 min. From this observation site it was assumed that there was an equal probability of sighting dolphins throughout the study area, as the study area was small and dolphins were easily detected. During each 5 min scan, the position of each group was recorded using the theodolite. Groups were defined as an 'aggregation of animals whose members were within 100 m of one another, engaged in similar activities and, if moving, heading in the same direction (Wells et al. 1987 )' or lone individuals separated by more than 100 m. The position of the group was recorded as the position of the first dolphin within the group to be seen at the surface. This, together with alternating measurements of frontal features provided 3 independent samples h -1 , of both dolphin groups and the front's position.
Recorded angles to the positions of both the front and dolphins were transformed into geographic coordinates and plotted onto a chart of the study area using ArcView GIS 3.2 (ESRI). Tidal height data, necessary to convert theodolite readings to geographical co-ordinates were obtained from the Inverness Port Authority from a tide gauge located in Inverness harbour (see Fig. 1 ).
To compare the position of the dolphins with the position of the front, we first produced an averaged position for the stationary stage of the front. Dolphin groups were then assigned to different distance classes (0-50 m, 50-100 m, 100-150 m, 150-200 m, 200-250 m, 250-1220 m) , between the minimum and the maximum possible radial distance from the averaged front position. Observed and expected distributions were compared using a Chi-square test. The expected value of dolphin groups in each distance class was obtained by multiplying the total number of observed groups by the area occupied by each distance class, and then dividing by the total study area.
RESULTS
Tidal cycle influence on dolphin abundance
Through the summer of 1994, observations were made over 217 h. The results show a highly significant difference (Kruskal-Wallis = 67.0, df = 11, p < 0.001) in the median number of dolphins estimated in relation to different states of the tidal cycle, with more dolphins being sighted during the flood tide (Fig. 3) .
Characterisation of the tidal front
A time-series of maps showing the evolution of the visual portion of the front during a 'typical' flood tide is shown in Fig. 4 . At the start of the tidal intrusion into the Kessock Channel (around 4 h 30 min before HW) a line of increased turbulence began to form seaward of the river Ness (Fig. 4a) . As the tidal speed increased it pushed the front further into the channel past the mouth of the river Ness (Fig. 4b) . Approximately 1 h after the front first appeared, its propagation was arrested, and the front remained fairly stationary for around 2 h 30 min. During its hour-long propagation the front's apex travelled approximately 850 m along the central axis of the channel, into the Beauly Firth, assuming its characteristic V-shape (Fig. 4c,d ). The stationary position corresponded to the area where the channel deepens and widens and the front did not pass upstream of this area. Once the tidal current weakened (around 1 h before HW), the front began to decay and the V-shape dissipated, although the southern arm of the V was still visible (Fig. 4e) . Approaching HW all frontal features disappeared and a period of slack water was evident (Fig. 4f) . Fig. 5 summarises the data at the time the front started to form and dissipated, in relation to HW during the period studied. The average time the front started to form was 4 h 41 min ± 29 min before HW, while the average time the V-shape pattern dissipated was 1 h 18 min ± 18 min before HW. The location where the front first appeared was remarkably consistent between days, as was the location in which it became stationary. From one location to the other, the front was displaced on average 857.7 ± 20.8 m, measured from the change in location of the apex (most western point of the intersection between the 2 arms of the V). Quasi-synoptic sections of the vertical structure of the water column, along the axis of the channel, are presented in Figs. 6a,b,c, & 7a ,b. The data described here were collected between -3 h 20 min to + 40 min relative to HW. The contour plots show that the density structure within the channel was dominated by salinity, which is characteristic of estuaries (Dyer 1997 ,  Fig. 6 ).
During the early part of tidal intrusion at Kessock, a surface lens of less saline water, derived from the river Ness run-off, was pushed back into the estuary by tidal currents. Fig. 6a shows that the structure of this less saline lens was highly stratified and was located upstream of a steep horizontal gradient, which occupied approximately the first 15 m of the water column. This front was the transition zone between the less saline lens and the well-mixed, more saline water, and spread itself for approximately 250 m (Fig. 6) . At this stage, the lens was already cut-off from its freshwater supply (river Ness) and the surface expression of the tidal front was very obvious between Stns A2 and A3 by an increase in visible surface turbulence. Landward of the front, distinctive upwelling boils were apparent at the surface. Fig. 7a shows the intrusion of denser waters at depth, below the stratified less saline lens which has started to erode. Approaching HW, the intrusion of saline water (represented by iso-pycnal 22) filled the basin (Fig. 7b) . The almost complete erosion of the surface lens was apparent. We can also see that at HW the river Ness's influence is very obvious, detected by the presence of a less saline surface layer, less than 2 m deep, spreading outside the river mouth. A total of 109 dolphin group positions (51 samples) were obtained during 7 of the observation days in 2000. These encompass 41 samples when the front was stationary and 10 samples when the front was dissipating, which correspond to 85 and 24 dolphin group positions, respectively (Fig. 8) . No dolphins were sighted when the front was propagating. Only those positions obtained when the front was stationary were used for the analyses. An averaged front position was obtained by plotting the mid-line of a polygon, which encompassed the recorded positions representing the tidal front, from all the samples taken when the front was considered stationary (from approximately 3 h 30 min to 1 h before HW). This averaged front position was assumed to be a reasonable proxy of the real front position at any time during the stationary stage of the front in the channel, as there was considerable overlap in the positions (Fig. 8) . The median radial distance of dolphins to the averaged front position was 73 m (IQR 40 to 128) (Figs. 8 & 9) . The observed distribution of the radial distances between the position of dolphins and the position of the averaged front was significantly different from the expected distribution (χ 2 = 74.79, p < 0.001, df = 4) (Fig. 9) .
DISCUSSION
Formation and evolution of the tidal front
Our observations show that the tidal front in the Kessock Channel is persistent during the greater part of the flood tide, is stationary for most of its duration, and is predictable, both in time and space. The small variations observed during the study period in the temporal and spatial predictability of the front (time of formation and dissipation, front's displacement and stationary location, Figs. 5 & 8) could be accounted for by the neap/spring cycle, changes in river flow and climatic conditions. These variations are thought to be negligible in the overall predictability of the front's pattern (Mendes 2000) and in its ecological significance. The evolution and vertical structure of the tidal front, shown by the hydrographic data, correlate well with the observed surface features. The data collected confirm that this front is a 'tidal intrusion front' as described by Simpson & Nunes (1981) . Tidal intrusion fronts are ephemeral density fronts commonly associated with narrow, internally stratified estuaries subjected to strong tidal flows, and have been described for several other estuaries such as Seiont in Wales, Port Hacking in Australia and Chesapeake Bay in the USA (Simpson & Nunes 1981 , Huzzey 1982 , Marmorino & Trump 1996 , Marmorino et al. 1999 ). The formation and evolution of the tidal intrusion front described here occurs over approximately 4 h each flood tide, the same duration as the one described by Huzzey (1982) , and can be broadly split into 3 stages:
(1) Formation and propagation stage. At slack low water the river Ness fills the sill region with a surface lens of low salinity water. Approximately 4 h 30 min before HW the front starts to form at the seaward edge of the lens. Tidal and less saline waters converge in the frontal region, the less saline flow is swept back while the tidal flow plunges beneath the less saline lens (Simpson & Nunes 1981) . As the tidal speeds strengthen the less saline lens is transported upstream past the mouth of the river Ness, and hence further supply of freshwater to the lens is cut off.
(2) Stationary stage. Once the front reaches the western end of the sill region, approximately 3 h 30 min before HW, the bathymetry and morphology of the channel become dominant as it rapidly widens and deepens. The front becomes arrested and remains stationary in this location until tidal currents weaken. During this stage it is likely that the 2 water layers of distinct densities mix in the process of plunging (Largier 1992) . A combination of the turbulence generated at the halocline and the turbulence generated by external stress (e.g. shear at the seabed) results in the cross-interface mixing of salt and fresher water (Dyer 1997) . This process destabilises the system, resulting in decreased stratification (Simpson et al. 1990) , which is apparent in the data presented here (e.g. Fig. 7a ). The same sequence of events has been noticed in the Conwy and Dulas estuaries in Wales (Pelegri 1988) . The upward transport of denser water entraining into the less saline layer could explain the upwelling boils seen west of the front. Approaching HW, tidal flow intensity diminishes, and the shallow less saline lens derived from the river Ness starts to re-form at the sill. As the flood starts, it is displaced west re-starting the cycle. At this stage the density gradient that characterised the front has dissipated and the water column at the basin is a well-mixed structure.
Tidal influence on dolphin spatio-temporal distribution
Bottlenose dolphins were significantly more abundant in the study area during the flood tide (Fig. 3) , especially during the period when the front was stationary (3 h 30 min to 1 h before HW). Although data on dolphin abundance were collected some years before the study of the front's characteristics, there is no reason to believe that the predictable behaviour of the front would have differed in this earlier period. Anecdotal evidence gathered over the last 10 yr, during regular dolphin surveys in the Kessock channel (Thompson et al. 2000) , indicates that during this period the observed timing and location of the front have not changed.
Although the data in Fig. 3 remain the most extensive of this kind for this study area, subsequent studies have also noted that the dolphins' presence and abundance in the Kessock Channel is strongly linked to the tidal cycle (Thompson et al. 2000) , while authors elsewhere have also suggested that dolphin movements may be related to tidal currents. In Florida, Scott et al. (1990) found that bottlenose dolphins and striped mullet Mugil cephalus visited shallow seagrass meadows on the rising tide, and Acevedo & Würsig (1991) also suggested that tidal movements of bottlenose dolphins were related to the movement patterns of their potential prey.
The results also suggest that dolphins are spatially associated with the area near the surface features of the tidal intrusion front. The reasons for this association remain unclear, but seem likely to be due to the front influencing dolphin prey distribution or behaviour. It has been suggested that the seasonality of dolphin sightings in this area could be related to the seasonal migrations of adult salmonids (atlantic salmon Salmo salar and sea trout Salmo trutta) up the rivers Ness and Beauly to spawn (Wilson et al. 1997 ). Direct observations (Janik 2000) and diet studies (Santos et al. 1995 , Santos et al. 2001 have shown that salmonids occur in the diet of bottlenose dolphins from this area. We suggest that dolphins may be using the frontal region as a feeding habitat, due to a potential accumulation of salmonids near the front. Physical mechanisms change dramatically in the vicinity of a front and may lead to an increase in biomass caused by a directed swimming behaviour or due to the accumulation of less mobile organisms at the convergence zone, making them more vulnerable to predators (Franks 1992) . Adult atlantic salmon do not feed as they migrate upstream so it does not seem likely that these fish would be actively seeking the frontal region in response to an increase in prey. However, salmon could be gathering in the front to obtain important cues to the homing process. Salmon might obtain olfactory cues through haloclines between adjacent horizontally flowing water masses (Quinn & terHart 1987 , Olson & Quinn 1993 such as the ones encountered in the front studied here. Salmon can also become disorientated when encountering complex current flows, and may aggregate temporarily until they reorientate themselves (Quinn & terHart 1987) . Other studies carried out on atlantic salmon and other salmonid species (e.g. chinook salmon Oncorhynchus tshawytscha) have found that these fish can also be passively transported by tidal movements (Olson & Quinn 1993 , Aprahamian et al. 1998 , and appear to have a general preference for near-surface waters (Quinn & terHart 1987 , Olson & Quinn 1993 , which could favour their advection towards the convergence zone. Below the surface, the frontal region will normally be wider, with the halocline extending and sloping downwards from the horizontal plane (Franks 1992) . Thus, work that takes account of 3D distribution and behaviour of dolphins and their prey, with relation to the front, is now required to fully understand the nature of this relationship.
This study has highlighted spatial and temporal associations between bottlenose dolphins and a tidal intrusion front, but the mechanisms that attract these animals to the frontal region remain uncertain. Highly mobile marine predators are found to rapidly associate with ephemeral features such as hydrographic fronts where these are predictable both in time and space (Decker & Hunt 1996) . The temporal and spatial predictability of the front in this channel may be of particular importance in focusing foraging efforts, improving efficiency and therefore reducing metabolic costs involved in the search for food (Williams et al. 1996) . Wilson et al. 1997 suggested that, in the Moray Firth, dolphin prey could concentrate in narrows such as the Kessock Channel. It may be a combination of the tidal intrusion front with the channel's bathymetry and configuration that attracts fish and dolphins to this area. daily measures of sea level at Inverness; to John and Martin (Kessock Boat Centre) and to the Kessock RNLI for allowing the use of their facilities; and to Sarah Hughes (FRS Marine Lab). Thanks to Tim Barton, René Swift, Kate Grellier, Stuart Middlemas and Vincent Janik who provided useful comments on previous drafts of this manuscript as well as to 4 anonymous reviewers for their helpful suggestions on the manuscript. Fieldwork in 1994 was funded by Scottish Natural Heritage. S.M. was supported through an MSc studentship by PRAXIS XXI -Ministry of Science and TechnologyPortugal.
